The biosynthetic sequence leading to pyridoxal phosphate is not known in any organism. The problem has been attacked in Escherichia coli by several investigators using widely differing techniques such as bacterial genetics, physiology (2-6, 15, 16) , and classical bioorganic chemistry (10) (11) (12) . The former studies have identified a number of different groups of pyridoxine auxotrophs (3, 4) which have suggested that glycolaldehyde (6, 15, 16) and serine phosphate (2) , and possibly glutamate (6) are intermediates in pyridoxine biosynthesis. Presently, no unequivocal evidence has appeared which supports any of the above compounds as intermediates.
Investigators studying the physiological properties of certain yeasts have not yet been able to identify any intermediates either (14, 17) . A number of very provocative findings, all unexplained, have come from laboratories in Japan.
In some of these, compounds like y-amino butyrate, f3-alanine (13) , and leucine (18) To test the precursor relationship directly our approach was to find a pyridoxineless strain of E. coli carrying a single mutation allowing glycolaldehyde-responsive growth and to use it to incorporate [4C ]glycolaldehyde into pyridoxine. We did this by examining a large number of pyridoxineless mutants of E. coli B which had been isolated after ultraviolet light-induced mutagenesis for a class of mutants which had a single nutritional requirement for pyridoxine which could be satisfied by glycolaldehyde. We found such a class of mutants (6) and tested the incorporation of glycolaldehyde with it. (6) . The position of' the pdxB3 gene on the chromosomal map of E. coli has been established at 45 min (4) .
Synthesis of glycolaldehyde. Unlabeled serine for this synthesis was recrystallized once from aqueous ethanol before use. Labeled serine was then dissolved and mixed with the above serine, and the mixture was recrystallized once as above and dried in vacuo. After a sample had been removed for determination of specific activity, the serine was converted to glycolaldehyde by the ninhydrin method of' Friedmann et al. (9) . We substituted a 1:1 mixture of Dowex 1 (OH-) and Dowex 50 (H+) 200-to 400-mesh for the mixed bed resin they used. We then adapted the dinitrophenylhydrazone procedure of Collatz and Neuberg (1) for isolation of glycolaldehyde. The charcoaltreated eluate from the resin was mixed with 1.7% 2, 4-dinitrophenylhydrazine in 2 N HCI in an amount that supplied an amount of the aldehyde reagent equimolar to the serine originally present. This was let stand overnight in the refrigerator, after which the crystals were removed by filtration and dried in vacuo. The crystals were dissolved in 50% methanol, boiled, and filtered; the filtrate was brought to a boil and refiltered. The residues removed by filtration were warmed in 10 ml of 50% methanol and filtered, and filtrates were combined. The total volume of filtrate was reduced to 75% of the initial volume by boiling, and the filtrate was let stand in the refrigerator for several days. Crystals were then removed by filtration and dried in a vacuum desiccator. The dried crystals were warmed with ethyl acetate (approximately 5 ml/300 mg), and the mixture was filtered. The insoluble residue was washed twice more with 5-ml portions of ethyl acetate in the same manner, and the filtrates were combined and reduced to 50% in volume by standing overnight in a vacuum desiccator. After filtration, the filtrate was mixed with two volumes of petroleum ether and allowed to stand overnight in a refrigerator. The crystals were collected by filtration and dried in vacuo, then stored at -20 C.
A few milligrams were then used for measurement of specific activity of glycolaldehyde and melting point determination.
Conversion of the glycolaldehyde dinitrophenylhydrazone to glycolaldehyde was accomplished by heating 250 mg of the derivative with 6 ml of acetaldehyde, 6 ml of water, and 1 drop of' 1 M acetic acid in a sealed vessel at 80 C for 2.5 h (1). After the vessel had been cooled, the contents were filtered, and the residue was washed with water. The filtrate was concentrated under reduced pressure at room temperature, treated several times with activated charcoal, and brought to a final volume of 10 ml. The concentration of glycolaldehyde was determined by the method of Dische and Borenfreund (8) .
Growth of bacteria. For incorporation studies, the minimal medium described earlier was used (4). The carbon source was 0.2% glycerol instead of glucose. To test incorporation of glycolaldehyde, strain WG3 was grown overnight at 37 C with shaking in 50 ml of this medium supplemented with pyridoxol at 200 ug/liter. The overnight culture was centrifuged 10 min at 5,000 x g at room temperature, washed with sterile 0.9% NaCl, and put into 1 liter of f'resh medium lacking pyridoxol but containing the radioactive glycolaldehyde. Other details of growth and harvesting were as described earlier (7).
Extraction of pyridoxal phosphate and its isolation as pure pyridoxol hydrochloride. This was accomplished as described earlier (7) [14C]serine as described above. The synthetic glycolaldehyde was identified by its ability to substitute for commercially prepared glycolaldehyde in feeding the pyridoxineless E. coli strain WG3. Glycolaldehyde had previously been shown to substitute for pyridoxine in this strain (6) . A typical response curve is shown in Fig. 1 . The concentrations of glycolaldehyde were determined by the method of Dische and Borenfreund (8) . Table 1 lists the specific activities and yields for our last six syntheses. Data from earlier syntheses were only partially complete. Synthesis of glycolaldehyde from tartrate via dihydroxymaleate and from ethylene glycol by published procedures was also done, but these syntheses gave inadequate yields of labeled glycolaldehyde to allow testing in our system.
Incorporation of glycolaldehyde into pyridoxal phosphate was measured by using 14C-labeled glycolaldehyde to provide the nutritional requirement of the pyridoxine auxotroph strain WG3. Cultures of strain WG3 freshly grown overnight in a glycerol salts-pyridoxal medium were washed and used to inoculate fresh media in which glycolaldehyde replaced the pyridoxal. When Table 2 shows also that most of the radioactivity initially present in the culture was found in the cell-free culture fluid at the end of each experiment. We tested this fluid and found that in most cases no glycolaldehyde was detectable, that the radioactivity was not adsorbed onto charcoal, that its solubility was better in water than in any common organic solvent, and that it was not retained on Dowex 50. About 50% of the radioactivity was retained by Dowex 1 at pH values above 9. The retained activity was elutable with acid. While these materials might be metabolites of glycolaldehyde, we feel it equally likely that this radioactivity represents polymerized glycolaldehyde. DISCUSSION The data in Table 2 show for the first time that glycolaldehyde is efficiently incorporated into pyridoxal phosphate by strain WG3 of E. coli B. This confirms the 14-year-old suspicion that glycolaldehyde is itself a precursor of pyridoxal phosphate or is readily converted to a precursor of pyridoxal phosphate which was raised that long ago by the careful observations and rather thorough work of Morris and his associates (15, 16) . Exactly how glycolaldehyde is incorporated is not presently known.
That pyridoxal phosphate biosynthesis directly involves the addition of a two-carbon unit is one interpretation both of the data presented here and of our previous finding that completely thiamineless E. coli stop synthesis of vitamin B, upon thiamine starvation (6) . Glycolaldehyde could enter B6 biosynthesis as either donor or acceptor of a two-carbon unit from a transketolase. If it were an acceptor, the product would be L-erythrulose; if it were a donor, the product would be any of a number of ketuloses. Glycolaldehyde might also enter pyridoxal phosphate via hydroxyacetyl coenzyme A, or it might enter pyridoxal phosphate via yet another thiamine pyrophosphate dependent step, namely by addition of glycolaldehyde to an a-keto acid, such as is done in the first step of the biosynthesis of VOL. 116, 1973 on September 26, 2017 by guest http://jb.asm.org/ A few years ago we showed that 3-phosphopyruvate-glutamate transaminase was required for pyridoxine biosynthesis in E. coli B (2, 5) . The simplest explanation for this observation is that 3-phosphoserine is a precursor of pyridoxine. We previously proposed that serine phosphate served as a precursor of the true glycolaldehyde unit used in pyridoxine biosynthesis (Dempsey, Bacteriol. Proc., p. 185, 1970). Presently we have no evidence that this is so. The requirement for glutamate in the above transaminase, however, may explain in turn why mutants lacking citrate synthase (and therefore glutamateless) cannot make pyridoxine (6) .
At this time we do not have a hypothetical biosynthetic sequence for pyridoxal phosphate to explain all the facts now at hand that must be explained by any such sequence. These facts are (i) glycolaldehyde is efficiently incorporated into pyridoxal phosphate, (ii) the enzyme 3-phosphohydroxypyruvate-glutamate transaminase is required for pyridoxine biosynthesis (5), (iii) glutamate or ct-ketoglutarate is required for pyridoxine biosynthesis (6), (iv) thiamine is required for pyridoxine biosynthesis (6) , and (v) specifically labeled carbohydrates lead to non-random label distributions in pyridoxine (10) (11) (12) .
